Recognition of microbial products by members of the Toll-like receptor (TLR) family initiates intracellular signaling cascades that result in NF-kB activation and subsequent production of inflammatory cytokines. We explored the potential roles of microRNAs (miRNAs) in regulating TLR pathways. A target analysis approach to the TLR4 pathway adaptor molecules identified several putative targets of miR-200a, miR-200b and miR-200c. miRNA mimics were co-transfected with a NF-kB activity reporter plasmid into HEK293 cells stably expressing TLR4 (HEK293-TLR4). Mimics of both miR-200b and miR-200c, but not miR-200a, decreased NF-kB reporter activity in either untreated cells or in cells treated with endotoxin:MD2 as a TLR4 agonist. Transfection of HEK293-TLR4 cells with miR-200b or miR-200c significantly decreased expression of MyD88, whereas TLR4, IRAK-1 and TRAF-6 mRNAs were unaffected. When miR-200b or miR-200c mimics were transfected into the differentiated monocytic THP-1 cell line, the abundance of MyD88 transcripts, as well as LPS-induced expression of the pro-inflammatory molecules IL-6, CXCL9 and TNF-a were diminished. These data define miRNAs miR-200b and miR-200c as factors that modify the efficiency of TLR4 signaling through the MyD88dependent pathway and can thus affect host innate defenses against microbial pathogens.
Introduction
MicroRNAs (miRNAs) are evolutionarily conserved, small, non-coding RNAs that repress gene expression by hybridization to targeted transcripts. More than 1500 miRNAs have been discovered in the human genome (www.mirbase.org) and each miRNA has the potential to repress the expression of hundreds of mRNAs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Upon transcription, processing and transport out of the nucleus, active miRNAs regulate mRNAs through base-pairing interactions between the 8-base pair (bp) seed region of the miRNA with a complementary sequence of the targeted mRNA. 11 Base-pairing usually occurs with sequences in the 3 0 untranslated region (UTR) although there are reports of miRNA targets in 5 0 UTRs or open reading frames (ORFs). 3, [12] [13] [14] In humans, miRNA-mediated suppression of gene expression was previously thought to occur by inhibiting translation, but recent studies suggest that miRNAs frequently function by promoting mRNA degradation. 15, 16 Regardless of the method of mRNA repression, mRNA/miRNA duplexes ultimately undergo degradation. Many studies have documented the role of miRNAs in cancer and development. 17 The involvement of miRNAs in the regulation of innate and/or adaptive immune responses has recently begun to be explored. 18 TLRs play important roles in initiating host defenses against invading pathogens. TLRs recognize a variety of molecules shared by pathogens, collectively referred to as pathogen-associated molecular patterns (PAMPs). [19] [20] [21] PAMP recognition by TLRs initiates a cascade of intracellular signals leading to NF-kB activation and, consequently, pro-inflammatory molecule expression. 22 Although there are alternative pathways for the activation of NF-kB, such as TNF-a-induced signaling, 23 TLRs often mediate inflammatory responses to microbial products. The ability to negatively regulate the pro-inflammatory responses initiated by TLR ligation is important to avoid pathology. Indeed, dysregulation of TLR-mediated responses can lead to the development of chronic inflammatory diseases. 24, 25 Based on changes in miRNA abundance observed after TLR ligation, several miRNAs have been found to down-modulate TLR-mediated responses, notably miR-155, miR-146 and miR-21. 26, 27 We reasoned that a constellation of miRNAs may contribute toward fine tuning strong inflammatory responses, including some with changes in abundance that were not detected in profiling studies. We therefore approached the question through the use of prediction programs to identify miRNAs that might target TLR pathway proteins. The outcome yielded several predicted targets for miR-200a, miR-200b and miR-200c, leading us to hypothesize that these miRNAs might function as intracellular modulators of responses initiated by TLR signaling. 28, 29 TLRs function through two discrete downstream signaling pathways, dependent on the adaptor molecules TRIF or MyD88, leading to activation of the transcription factors IRF3 or NFkB. MyD88 is essential for signaling through all TLRs with the exception of TLR3 and the MyD88-independent, TRIFdependent pathway downstream of TLR4. [20] [21] [22] 30 Using mimics of miRNAs and reporter assays to study function, we found evidence suggesting that, (i) miR-200b and miR-200c suppress signaling pathways leading to NF-kB activation after TLR4 ligation and (ii) the effect is at least partially accounted for by diminished MyD88 transcript levels. Further studies in the THP-1 monocytic cell line, differentiated to resemble macrophages, showed that miR-200b or miR-200c mimics caused a decrease in the levels of transcripts encoding MyD88 and induced the expression of inflammatory molecules in response to LPS. Overall, these findings suggest that miR-200b and miR-200c are novel regulators of TLR4 signaling.
Materials and methods microRNA target analysis
Potential miRNA target interactions with mRNAs in the TLR4 pathway were identified using TargetScan 6 and miRanda (August 2010 release) prediction programs to systematically query each of the proteins along the pathway (see Figure 1 ). TargetScan predicts biological targets of miRNAs according to matches with the 7-8 bp seed region, surrounding context and the degree of conservation across species (www.targetscan.org). 31 miRanda incorporates the likelihood of mRNA down-regulation using a regression model trained on sequence context features of the miRNA::mRNA duplex (microRNA.org).
Cell lines
HEK293 cells stably expressing episomal TLR4 by transfection with pcDNA3.0 conferring resistance to G418 (HEK293-TLR4) were a gift from Dr Jesse Chow (Eisai Research Institute Andover, MA, USA). 32, 33 The cells maintained the plasmid in culture even without G418 addition. Prior to experiments, cells were cultured in DMEM supplemented with 10% FBS and 10 mg/ml of the antibacterial ciprofloxacin (DM-10) at 37 C and 5% CO 2 . The THP-1 human monocytic cell line (ATCC, Manassas, VA) was cultured in RPMI with 10% FBS (RP-10) at 37 C and 5% CO 2 . Media and FBS were from GIBCO (Life Technologies, Grand Island, NY).
Cloning of putative 3 0 UTR targets
Full-length 3 0 UTRs of human MyD88, TLR4, IRAK1, TRAF6 or TAB2 were amplified from human liver cDNA (Clontech, Mountain View, CA) by PCR and subsequently cloned downstream of the Renilla reniformis luciferase gene in the XhoI/EagI sites of the psiCHECK-2 vector (Promega, Madison, WI, USA). Cycling conditions were: 94 C for 2 h followed by 30 cycles at 94 C for 30 min, 60 C for 30 min, then 72 C for 4 min followed by 72 C for 10 min. The predicted miR-200b/miR-200c seed sequence binding site of the MyD88 3 0 UTR was mutated using the QuikChange II XL Site-Directed Mutagenesis kit (Stratagene, Santa Clara, CA). Wildtype and mutant 3 0 UTRs were confirmed by sequencing. See Table 1 for primer sequences. Primers were made by Integrated DNA Technologies (Iowa City, IA).
MicroRNA target luciferase assays
HEK293-TLR4 cells were plated in 48-well dishes at 2 Â 10 5 cells per well for luciferase assays. miRNA mimics were Pre-miR TM miRNA precursor molecules and the negative control Pre-miR TM from Applied Biosystems (ABI; Forest City, CA). The negative control is a random sequence miRNA mimic that has not been found to suppress any human target genes. The psiCHECK-2 Renilla luciferase-MyD88 3 0 UTR reporter plasmid (50 ng) was co-transfected with either a negative control or a functional miRNA mimic (50 nM final concentration) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Twenty-four hours post-transfection, lysates were collected and analyzed with the Dual Luciferase Reporter Assay System (Promega) using a FLUOstar luminometer (BMG Labtech).
Quantitative PCR
THP-1 cells were plated in 12-well dishes in RP-10 supplemented with 5 ng/ml PMA at 1 Â 10 6 cells/well to cause their differentiation toward macrophage-like characteristics. HEK293-TLR4 cells were plated in 12-well dishes in DM-10 at 1 Â 10 6 cells/well. Cells were transfected in the presence of 50 nM negative control or experimental miRNA mimics (Pre-miRs TM , ABI) using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen). Fortyeight hours post-transfection, differentiated THP-1 cells were stimulated with 100 ng/ml of Escherichia coli 055:B5 LPS (Sigma, St Louis, MO, USA) for 3 h. Total RNA was extracted with TRIzol (Invitrogen) and reverse transcribed with the SuperScript III First-Strand Synthesis System using random hexamer primers (Invitrogen). Quantitative PCR was performed using TaqMan Gene Expression Assays (Applied Biosystems). Cycling conditions were: 95 C for 20 min followed by 40 cycles at 95 C for 1 min then 60 C for 20 min as per the manufacturer's instructions. Changes in the abundance of mRNAs encoding MyD88, TNF-a, IL-6, CXCL9 or b-actin cDNA were quantified by qPCR. C t values were normalized to the ACTB values. ÁC t values for cytokine/chemokine transcripts in miRNA mimic-transfected cells were compared with negative control-transfected cells using the ÁÁC t method. 33 In separate experiments, MyD88 expression was determined in HEK293 and THP-1 cells at 24 or Putative miRNA target proteins in the signaling pathways activated after TLR4 ligation or TNF-a exposure. Components of the signaling pathways activated by TLR4 ligation or TNF-a exposure, which ultimately lead to NF-kB activation, are shown. Please note the MyD88-dependent and -independent pathways resulting in NF-kB activation after TLR4 ligation. Potential targets for miR-200a (+) or for miR-200b and miR-200c (*) within the TLR4 and TNF-a pathways, identified through a miRNA query of 3'UTRs, are indicated. Analysis of the IRAK1 3'UTR revealed a 7 bp exact complementary sequence match to the miR-200b and miR-200c seed sequence, even though IRAK1 was not a predicted miRNA200b target in TargetScan version 6.0. Experimentally validated miR-146a targets are indicated. 28 48 h post-transfection with miRNA mimics. Changes in MyD88 levels were calculated using the ÁÁCt method with b-actin as an internal control.
For determining miR-200b and miR-200c basal expression levels, THP-1 cells were plated in 12-well dishes at 1 Â 10 6 cells/well in RP-10 supplemented with 5 ng/ml PMA. Twenty-four hours post-plating, total RNA was extracted with TRIzol (Invitrogen) and reverse transcribed using the TaqMan miRNA reverse transcription kit (Applied Biosystems). Reverse transcriptase-qPCR (RT-qPCR) was performed using TaqMan Gene Expression Assays (Applied Biosystems) for miR-200b or miR-200c with RNU48 serving as an internal control. Fold change was calculated by the ÁÁC t method.
NF-B reporter assays
HEK293-TLR4 (1 Â 10 6 cells/well) were seeded in 12-well plates overnight and then co-transfected with 150 ng pNF-kB-luc (Clontech), 15 ng phRL-SV40 Renilla (Promega) and 50 nM functional or negative control miRNA mimics (Pre-miRs TM , ABI) with Lipofectamine 2000 (Invitrogen). Forty-eight hours post-transfection, cells were stimulated with 0.5-5.0 ng/ml of 1:1 lipooligosaccharide (LOS; Neisseria meningitidis serotype B):MD2 for 6 h to induce signaling through TLR4, then harvested and assayed using the Dual Luciferase Reporter Assay System. 35 Firefly luciferase values were normalized to the Renilla luciferase values in triplicate wells of each condition. The mean normalized luciferase values in the experimental conditions were expressed as a ratio with the negative control condition. LOS:MD-2 was generated by treatment of LOS:CD14 (30 min at 37 C) with conditioned insect cell medium (Expression Systems ESF921) containing soluble human His 6 -MD-2 generated as described previously. 33 
Statistics
Analyses were done using Graph Pad Prism version 5 software.
Results

Analysis of miRNAs active on TLR pathway genes
The MyD88-dependent and -independent TLR4 pathways are depicted in Figure 1 . miRNAs have been shown previously to target key members of the TLR signaling pathway. 29 To identify other candidate miRNAs that might target this pathway, we used TargetScan and miRanda to assemble extensive lists of miRNAs that are predicted to target each member of this pathway. We noted that several members of the TLR4 signaling pathway were predicted targets of miR-200a, miR-200b and miR-200c (see Supplementary  Table 1 ). Targets for miR-200a differed from genes targeted by miR-200b or miR-200c, but none have been reported to target immune regulatory transcripts. Given the importance of the TLR pathways in immunity, we investigated potential roles for miR-200a, miR-200b and miR-200c on TLR4 activity.
MicroRNAs regulate NF-B activation in resting cells
To determine the effects of miRNAs on NF-kB activity in resting cells, HEK293-TLR4 cells were co-transfected with miRNA mimics, a reporter construct containing Table 1 . Primers for cloning 3 0 UTRs. Sequences for 3 0 UTRs of the indicated human genes were obtained from the National Center for Biotechnology Information website. Primers were designed to include the entire UTR beginning just downstream of the stop codon and extending to the site of poly(A) addition. With the exception of the MyD88 mutated clone, a second set of primers was used on PCR products to generate an XhoI site or an EagI site at the 5' end of the sense or antisense primers, respectively.
Gene (accession #)
Sense primer Antisense primer
the gene encoding firefly luciferase under control of an NF-kB-responsive promoter, and phRL-SV40 Renilla that constitutively expresses Renilla luciferase. One of the following miRNA mimics was included in each condition: miR-200a, miR-200b, miR-200c, miR-29b, miR-146a or a negative control (non-targeting) mimic. The miR-29b mimic was included as a negative control and the miR-146a mimic was included as a positive control for NF-kB repression as it was previously shown to repress IRAK1 and TRAF6 expression, two key proteins in TLR4 signaling. 28 Firefly and Renilla luciferase activity data were normalized as described in the Materials and methods section. As illustrated in Figure 2 , cells transfected with miR-200a exhibited no decrease in NF-kB activity compared with cells containing a negative control miRNA. Conversely, luciferase activity values in cells containing miR-146a, miR-200b or miR-200c mimics were significantly decreased in comparison with control miRNA transfected cells, suggesting each of these mimics caused a decrease in NF-kB activation. As expected, the miR-29b mimic showed no effect on NF-kB activation (Figure 2) . These results suggest that miR-200b and miR-200c suppress the basal activity of the NF-kB reporter in resting cells, whereas miR-200a does not.
Dose-dependent suppression of TLR4-mediated NF-B activation by miR-146a, miR-200b and miR-200c
No matter what stimulus maintains basal NF-kB activity, our predictions suggest that miR-200b and miR-200c will inhibit NF-kB activation in response to a TLR4 agonist. Therefore we studied miRNA effects on NF-kB activation in HEK293-TLR4 cells transfected with miRNA mimics prior to addition of a TLR4 ligand. LOS:MD2 was chosen over LPS as a TLR4 ligand because HEK293-TLR4 cells do not produce MD2, a necessary co-factor for TLR4 activation. 32 TNF-a was added as a TLR4-independent means of NF-kB activation. Similar to Figure 2 , HEK293-TLR4 cells were co-transfected with the NF-kB reporter, the phRL-SV40 Renilla expression plasmid and either negative control or functional miRNA mimics. Forty-eight hours post-transfection, cells were stimulated with varying doses of LOS:MD2 (0-5.0 ng/ml) for 6 h and lysates were analyzed by the dual luciferase assay. The normalized firefly/Renilla luciferase ratios demonstrated that, as expected, the positive control miR-146a caused a decrease in NF-kB activation by LOS:MD2 ( Figure 3A ). miR-200b or miR-200c also significantly suppressed NF-kB reporter expression in response to some doses of LOS:MD2 ( Figure 3B and Figure 3C respectively). These observations show that miR-200b and miR-200c are capable of suppressing the activation of NF-kB when stimulated with a TLR4 agonist.
In addition to TLR4 ligation, miR-200b significantly suppressed NF-kB activation caused by 50 ng/ml TNFa, and miR-200c exhibited a trend toward suppression (P ¼ 0.0520). miR-146a, in contrast, had no effect on TNF-a-induced NF-kB activity.
miR-200b and miR-200c directly target mRNA encoding the adaptor molecule MyD88
TLR4, MyD88, IRAK1 and TRAF6 are TLR4 pathway intermediates identified as putative targets of miR-200a, miR-200b or miR-200c in our initial screen (Figure 1 ). Analysis of the IRAK1 3 0 UTR revealed a 7 bp exact complementary sequence match to the miR-200b and miR-200c seed sequence, even though IRAK1 was not a predicted target in TargetScan version 6.0. To assess whether any of these were actually suppressed by miR-200b and miR-200c, we cloned the full-length 3 0 UTR of their respective genes downstream of a Renilla luciferase gene in the psiCHECK-2 vector. The vector contains a firefly luciferase gene as an internal control to normalize transfection efficiency. HEK293-TLR4 cells were co-transfected with 3 0 -UTR reporter constructs along with miRNA mimics of miR-200b, miR-200c or a negative control for 24 h Figure 2 . Effects of miRNA mimics on basal NF-kB activity. HEK293-TLR4 cells were co-transfected with an NF-kB reporter plasmid and Renilla luciferase expression plasmid, and incubated for 48 h in the presence of 50 nM of the indicated miRNA mimics. Data indicate the mean AE SEM ratio of firefly/Renilla luciferase activity in transfected cells, normalized to negative control miRNA mimic (first bar). miR-146a, which has been reported to be a repressor of NF-kB activation, served as a positive control. 28 miR-29b, which has no reported effect on NF-kB activation, served as a negative control. The bars represent the ratios of firefly/Renilla luciferase activity in the absence of activating stimulus. Data were generated from three independent experiments, each with three replicates per condition. *P < 0.05 compared with negative control miRNA, unpaired t-test.
prior to cell harvest and luciferase assay. Overall repression was calculated by the ratio of Renilla/firefly luciferase activity in samples treated with negative control or the miR-200b or miR-200c miRNA mimics.
Initial screens were done on HEK293-TLR4 cells containing 3 0 UTR luciferase reporters of TLR4, IRAK1, TAB2 or TRAF6. These assays showed there was no difference between Renilla luciferase activity in cells that were transfected with the negative control mimic or miR-200a, miR-200b or miR-200c mimics (data not shown). In contrast, studies of cells containing Renilla luciferase followed by the 3 0 UTR of MyD88 showed a significant and repeatable decrease in activity in cells containing either the miR-200b or miR-200c mimic compared with the negative control ( Figure  4A ). This suggested that MyD88 may be a miR-200b or miR-200c target. To validate this interaction, we generated another psiCHECK-2 plasmid with a mutated MyD88 3 0 UTR reporter containing mismatches in the common miR-200b/miR-200c seed region ( Figure 4B Figure 4C ).
miR-200b and miR-200c represses MyD88 and the TLR4-induced expression of cytokines/chemokines in macrophages
Ligation of TLR4 in macrophages can lead to expression of classical activation markers including IL-6, CXCL9 and TNF-a. 36 
Discussion
Innate immune responses are critical for the host defense against invading pathogens. Key to initiating these defenses is the innate response of host cells to PAMPs. TLRs constitute a group of transmembrane pathogen recognition receptors (PRRs) that respond to a variety of PAMPs. Ligation of TLRs leads to activation of signaling pathways that culminates in activation of transcription factors, including NF-kB, AP-1, IRF3 and the MAP kinase family. 37 These signals can lead to up-regulation of pathways involved in cell survival, proliferation, inflammation and immune regulation. 22 Owing to their immediate and dramatic effects on host cellular responses, regulation of the TLRs must be precise and rapidly responsive. Control of TLRs occurs at multiple levels. Mechanisms to down-modulate the consequences of TLR activation include, but are not limited to, the following: compartmentalization of TLRs within the cell; negative regulation of protein abundance acting through ubiquitin-proteasome pathway such as Triad3A or SOCS-1; competition for binding to MyD88 or TLR4; and negative regulation of mRNA by miRNAs. [38] [39] [40] TargetScan and miRanda predicted several potential miR-200a, miR-200b and miR-200c targets in the TLR4 pathway. This led us to examine a potential role for these three miRNAs in the regulation of TLR4 signaling and consequent NF-kB activation. Our data showed that exogenously introduced mimics of miR-200b or miR-200c resulted in diminished NF-kB reporter activity in a HEK293-TLR4 cell line. miR-200a had no effect on the NF-kB reporter. The latter has a distinct seed sequence even though it is clustered with miR-200b on chromosome 1p36.33. Examination of genes encoding additional proteins participating in the TLR4 signaling pathway indicated that the 3 0 UTRs of the adaptor protein MyD88 or the signaling pathway proteins IRAK1, TRAF6 or TAB2 could each constitute a miR-200b and miR-200c target. In contrast, transcripts encoding proteins in the alternate pathway, TRIF, TRAM and IRF3, were not predicted targets of either miR-200b or miR-200c. MyD88 is essential for mediating signals through all TLR pathways with the exception of TLR3 and the alternate TLR4 pathway. 20, 22 miR-200b and miR-200c were also able to suppress the expression of IL-6, CXCL9 and TNF-a induced by exposure of a macrophage-like human monocytic cell line to the TLR4 ligand LPS. Thus, miR-200b and miR-200c may be modifiers of the genes expressed during either classical or type 2 macrophage activation, 36 leading to hypotheses that these miRNAs play an important role in antimicrobial responses.
miR-200b and miR-200c are well-recognized modulators of epithelial to mesenchymal transition (EMT) during embryogenesis-a process that facilitates tissue remodeling. 41 The ZFH family zinc-finger E-box binding homeobox proteins ZEB1 and ZEB2 negatively regulate E-cadherin, 42 activate EMT and thus promote tumor progression. It has been shown that ZEB1 directly suppresses transcription of miR-200c and miR-14. 43 In turn, miR-200c is a direct suppressor of EMT and targets both ZEB1 and TGF-b2 transcripts for degradation. EMT is reportedly an essential early step in tumor metastasis, and loss of miR-200b and miR-200c expression in some breast cancers led to the suggestion that miR-200b and miR-200c may, in part, suppress tumor progression. 44 miR-200b and miR-200c levels are decreased in response to TGF-b or the protein tyrosine phosphatase Pez. 42, 44 As such, there is a feedback loop between miR-200b and miR-200c and ZEB1, regulating proliferation. The current study constitutes the first report implicating miR-200b and miR-200c in regulating innate immune responses.
Data reported herein are focused on the TLR4 pathway because of its importance in antibacterial innate immune responses. 21, 22, 45 Nonetheless, amongst the 10 currently recognized human-encoded TLRs, 9 utilize MyD88 for downstream signaling and regulation of immune response genes. [20] [21] [22] 30 Relevant to this article, MyD88 is essential for expression of pro-inflammatory genes after TLR4 ligation, including TNF-a, CXCL9 and IL-6 (as studied here in Figure 5 ). 36 We have not yet examined the effects miR-200b and miR-200c on signaling through other MyD88-dependent TLRs, although our data suggest that their functions would also be suppressed by miR-200b or miR-200c ligation. Ligation of TLR4 can lead to NF-kB signaling through a pathway that depends upon TRIF but not MyD88 (see Figure 1 ). The fact that the enhanced expression of NF-kB following TLR4 ligation was significantly suppressed by mimics of miR-200b or miR-200c, suggests that either a significant portion of signaling following TLR4 ligation must go through the MyD88 pathway or that these miRNAs have unpredicted effects suppressing proteins in this arm of the pathway. Indeed, NF-kB activation initiated by TNF-a was also significantly suppressed by the miR-200b mimic. These observations make it seem highly likely that miR-200b and miR-200c have additional targets leading to repressed NF-kB activity. Although our data suggest that TAB2 was not a target, it is likely that miR-200b (and possibly miR-200c) targets an alternate transcript. Further studies warrant investigation of TAB3, as well as other predicted targets of the common miR-200b/miR-200c seed region.
The first report suggesting that miRNAs are capable of regulating the innate immune system demonstrated the ability of miR-146a to suppress TLR4 signaling through targeting two key adaptor molecules, IRAK1 and TRAF6. 28 Since this report, other studies have documented a role for miRNAs in the regulation of selected aspects of innate and adaptive immune responses. 46, 47 Similar to our findings, several miRNAs (miR-101, miR-155, miR-199 a, miR-105) have been shown to target intermediates in signaling pathways essential for TLRs and other innate immune responses. 29, [48] [49] [50] [51] Furthermore, several miRNAs were shown to be differentially regulated in peripheral blood cell responses to the TLR4 ligand LPS, including miR-146b, miR-150, miR-342, let-7 g and miR-143. 52 The goal of the current study was to discover miRNAs capable of modifying the cellular response after TLR ligation. Our approach was to screen for predicted targets, which contrasted with many published reports that relied upon significant changes in miRNA abundance to identify potentially regulatory miRNAs. Both miR-200b and miR-200c down-modulated the response to an NF-kB reporter after TLR4 ligation in a (HEK-293 TLR4) cell line expressing recombinant TLR4. Experimental manipulation of miR-200b and miR-200c levels in the same line showed they were able to down-modulate expression of the adaptor molecule MyD88, suggesting they might cause the effect. Furthermore, miR-200b and miR-200c were able to modulate the abundance of MyD88 mRNA, as well as LPS-mediated expression of chemokines downstream of NF-kB activation (IL-6, CXCL9, TNF-a) in a macrophage cell line. These observations suggest that miR-200b and miR-200c may function as modifiers of innate responses delivered through TLR4. Further studies should investigate the potential involvement of these miRNAs in down-modulating the response to LPS or other TLR ligands, possibly in concert with other miRNAs that regulate TLR signaling pathways such as miR-146a, miR-155 and miR-21. 29 A cadre of miRNAs each controlling different intermediates in the TLR pathways could have far-reaching effects in controlling innate immune responses.
Funding
This work was supported in part by NIH grants R01 AI045540, R01 AI067874, R01 AI076233, R21 AI080801 and Merit Review and OEF/OIF Merit grants from the Department of Veterans 0 Affairs. EBW was supported by NIH training grant T32 AI007511. JWG was supported by a CDA-1 award from the Department of Veterans' Affairs.
